i
MODULATION DIVERSITY FOR CHROMATIC DISPERSION COMPENSATION IN ANALOG PHOTONIC LINKS EXECUTIVE SUMMARY
• This report demonstrates two methods for mitigating chromatic dispersion in analog photonic links, namely, a modulation-diversity transmitter and a modulation-diversity receiver.
• The modulation-diversity transmitter compensates chromatic dispersion penalties under prescribed conditions.
• The modulation-diversity receiver is shown to compensate an arbitrary amount of net chromatic dispersion for a phase-modulated or intensity-modulated analog photonic link.
• Presented in this report is a comprehensive theoretical and experimental investigation into the modulation-diversity transmitter and the modulation-diversity receiver concepts. 
INTRODUCTION
Chromatic dispersion (CD) penalties in long (>km) analog photonic links become increasingly troublesome as the employed frequency bands move beyond the RF domain and into the microwave and millimeter-wave. For example, CD can generate frequency-dependent loss and nulls in the power spectrum [1] . In addition, second-order harmonics and second-order intermodulation distortion, which can dominate over third-order intermodulation distortion, are enhanced by CD in multi-octave systems [2] . Furthermore, fiber nonlinearites such as self-phase modulation and cross-phase modulation are enhanced by CD and can lead to significant power penalties, especially in multichannel links [2] - [4] . It is therefore essential to consider CD compensation for any high-performance analog link with a length greater than a few kilometers.
The penalties attributed to CD are traditionally viewed in terms of intensity-modulated (IM) analog systems. However, it has recently been demonstrated that phase modulation (ΦM) can improve the performance in analog [5] and radio-over fiber [6] links. Similarly, polarization modulation (PM) has been proposed for multi-channel systems [7] and suffers from CD penalties similar to those in IM links [8] . Here we will show that ΦM is likewise similar to IM and that there is a quadrature-type relation between the two formats. While PM is interesting and a potentially useful analog format, we restrict the discussion here to ΦM and IM, proposing solutions that mitigate CD for both an IM and ΦM analog link.
Previous CD compensation techniques are typically limited to IM systems in which the CD is fixed. For example, by using specialty fibers, one can achieve a low net dispersion for a fixed transmission distance [9] , [10] . Such passive compensation techniques are only useful when one has control over the fiber deployment. For instance, in an antenna remoting application where the fiber is already deployed, the net CD can be high and this technique is useless. Other novel techniques are used for digital systems, where tunable compensation is achieved on the receive end of the link [11] - [13] . These techniques are typically adaptive, requiring complicated electronics and covering only certain values of CD. However, there exist analog applications where arbitrary and instantaneous CD compensation is desired and/or required. Such applications include adaptable fiber-optic network terminals and switched delay lines for radar applications. There are potential candidates to fulfill this role, such as single-sideband (SSB) modulation [14] , [15] . However, SSB modulation is difficult to accomplish wideband, results in degraded RF efficiency, and can increase second-order distortions. Here, we propose modulation-diversity solutions that achieve compensation for any arbitrary value of CD. We demonstrate a passive single-octave system but show by simulation that multi-octave operation is achievable.
In Section II the deleterious effects that CD has on IM and ΦM links are derived and demonstrated. This leads to the intuitive conjecture that a modulation-diversity transmitter (MDTx) should flatten the spectral response for an analog link. This is only the case for specific prepared conditions as is described in Section III. In Section IV, however, a modulation-diversity receiver (MDRx) is proposed and demonstrated for 3-7 GHz and 13-17 GHz systems, with link lengths of 50 and 100 km using standard single-mode fiber (SMF) only. The MDRx is completely passive and requires no CD measurement electronics. The bandwidth is limited by system components and simulations show that a 6-94 GHz version of the receiver can be realized, regardless of the link length or CD. The results of the modulation-diversity concepts are then summarized in Section V.
CHROMATIC DISPERSION IN ANALOG PHOTONIC LINKS
The effects of CD on analog links are reviewed in terms of the direct-detection fundamental spectral response for both IM and ΦM formats. They are shown to be in quadrature with respect to RF power, which suggests a modulation diversity solution for CD mitigation.
Intensity Modulation
For an IM analog link, we employ an external balanced Mach-Zehnder modulator (MZM) biased at quadrature and direct detection with a p-i-n photodiode. This is the typical configuration for long high-performance analog links [1] , [16] . The applied modulation at RF frequency π 2 Ω is given by ( )
with V rf being the applied peak voltage and V π the voltage required to yield π optical peak phase shift, a metric of the MZM. Given this modulation, the optical field at the output of the MZM can be written
where q is a constant relating optical field to optical power, P o is the optical input power at frequency π ω 2 o , J n is the n th order Bessel function of the first kind, and β ν is the propagation constant at optical angular frequency ν. The mode-propagation constant can be expanded in a Taylor series as [17] ( ) ( ) (
where the commonly used dispersion parameter D is related to β 2 , (2) into (1), the optical field after propagating a length L in fiber with dispersion parameter D can be obtained. From this field, an optical intensity can be calculated which is then linearly proportional to the photocurrent generated by an uncompressed p-i-n photodiode. This current is sourced to a load with impedance Z and the resulting frequency-dependent fundamental power is given by
where is the photodiode responsivity, the frequency response of the MZM and detector have been excluded, and small modulation depth ( (3) is the commonly derived result [1] and, in the absence of CD (D = 0), is constant across frequency for a fixed drive voltage (neglecting the frequency dependence of V π ).
Phase Modulation
It is commonly known that direct detection of an optically-phase-modulated field will yield no RF photocurrent. This is simply because a photodiode responds to optical intensity and ΦM is a constant-intensity format. As will be shown, CD essentially rotates ΦM into IM resulting in a ΦM direct detection power response that is in quadrature with that for IM at the input.
With the same parameters as used previously, we have for the electric field at the output of an electro-optic phase modulator
where we establish the convention that primed variables correspond to ΦM and those umprimed correspond to IM or are arbitrary. Inserting (2) into (4) and using the same steps described earlier gives the ΦM direction-detection response as
The form of (5) predicts that the ΦM direct detection response is non-zero over frequency in the presence of net CD, thus suggesting that CD can "demodulate" a ΦM signal. While unconventional, this statement is correct in the sense that CD will transform ΦM information into IM information at some frequencies. This is in fact the goal of the demodulator for a ΦM system where typically some coherent [18] or interferometric [5] , [6] approach is employed. A quantitative description of ΦM demodulation will be given in Section IV, as it is pertinent to the MDRx.
Comparison and Comments
The obvious relationship between the amplitude and phase modulation responses (3) and (5) is that they are in quadrature in the frequency domain. This is shown in Fig. 1 , where the responses for an IM and ΦM direct-detection link are shown, as measured on a high-frequency network analyzer. For the data shown, the link length was 50 km , comprised entirely of SMF-28 (D = 17 ps/nm/km), and the transmitter wavelength was 1551 nm. The received DC photocurrent was 2.5 mA and the ΦM was padded to account for the amplitude mismatch and different modulator characteristics (insertion loss and V π ). It is precisely the complimentary relationship shown in Fig. 1 that leads to the proposition that modulation diversity should compensate for the effects of CD. For example, if an analog signal was launched with appropriate magnitudes of IM and ΦM, then direct detection at the receive end should result in a flat frequency response. Similarly, if either IM or ΦM were launched and both IM and ΦM were detected, the power response should be flat over the range of the ΦM detection technique. These are the two schemes that are explored in Sections III and IV. 
MODULATION-DIVERSITY TRANSMITTER
The architecture for the MDTx is shown in Fig. 2 . The DFB semiconductor laser output is split into two paths using a polarization-maintaining fiber coupler. One path goes to a push-pull MZM biased at quadrature and the other to a phase modulator, with both modulators having polarization-maintaining fiber on their inputs and outputs. The input RF signal is split, weighted by RF pads, and modulated onto the phase and amplitude of the optical carrier. The output of the IM arm is rotated 90º before it is spliced to the polarization beam combiner, such that the two beams are combined in orthogonal polarizations. In addition, the ΦM path has a 500 m length (greater than the coherence length of the DFB) of polarization maintaining fiber to reduce interference effects, being that the polarization beam combiner has a finite extinction (~ 30 dB). This delay must be placed before the modulator because the RF paths from the signal input to the polarization beam splitter must be matched in true time. This results in IM and ΦM signals being launched from the MDTx, in orthogonal polarizations. Neglecting polarization-dependent loss (PDL) and polarization mode dispersion (PMD), a direct detection of the signal should result in a flat RF power response. This hypothesis results from the observations discussed in the previous section along with the assumption that the photodetector responds equally to both polarizations. To show that this is not exactly the case, we examine the MDTx theoretically and empirically.
To theoretically describe the MDTx, we assume no optical interference and that the RF path B→C in Fig. 2 is matched. Using (1) and (4), we can write the electric field at the MDTx output as a Jones vector: ) and that the detector responsivity is the same for both polarizations, the result for the RF power response is
The response given by (7) is a periodic function that produces nulls and distortion! This result may seem counterintuitive but is explained as follows. While the two polarizations ideally propagate the fiber without interacting, the RF power that results from the two photocurrents has a mixing term, even for a path-matched system. In practice, small path imbalances in the path B→C can smooth out the response by adding additional interference terms to (7), much like an interleaver.
For experimental verification, the MDTx in Fig. 2 was constructed an evaluated in a 50 km link. The link is shown in Fig. 3 and consists of the MDTx, a 50 km span of SMF-28 fiber, and an Erbium-doped fiber amplifier (EDFA) at the output to compensate for link loss. For direct detection, a high-frequency p-i-n photodetector (Discovery Semiconductor DSC-20H) was used. The results for this experiment are depicted in Fig. 4 , showing the measured frequency responses for the path-matched MDTx and a path-imbalanced MDTx. For comparison, the IM response without the MDTx is also shown. For these data, the launch power into the link was +5 dBm and the EDFA optical gain was 16 dB, resulting in a received photocurrent of 5.5 mA. Note the periodic nulls in the path-matched MDTx response agree with (7) for λ = 1551 nm and D = 17 ps/nm/km. Short of shifting the nulls, the MDTx in this arrangement does not mitigate the effects of CD. However, for the path-imbalanced MDTx, the response is relatively flat to about 25 GHz, as compared to IM response. Ultimately, the path-imbalanced MDTx is not an adequate solution unless the considerable power ripple of more than 3 dB can be tolerated. Therefore, while interesting, the MDTx is not a complete solution for CD compensation in analog links. However its counterpart, the MDRx, does fill the role as is demonstrated in Section IV. 
MODULATION-DIVERSITY RECEIVER

Analog Phase Demodulation
Before discussing the design and operation of the MDRx, it is instructive to review analog phase demodulation using an interferometer. It was noted in Section II that direct detection of a phase-modulated electric field (4) would result in no RF photocurrent in the absence of CD. A demodulation mechanism for analog ΦM is a path-imbalanced Mach-Zehnder interferometer (MZI) biased at quadrature. That is, for a given range of frequencies, the MZI rotates ΦM into IM such that direction detection yields an RF photocurrent. Furthermore, an MZI employing balanced detection responds to ΦM only and IM at the input produces no RF photocurrent. Quantitatively, we can model the two outputs of an MZI as
where τ is the relative time delay between the two MZI paths, ( ) ΦM is demodulated by the MZI. Note here that if (1) with z = 0 were used as , the resulting IM/balanced-detection MZI response would be
. An example of the response given by (9) is shown in Fig. 5 , where a commercially-available differential phase shift keyed demodulator with exceptional polarization stability (ITF Optical Technologies) was used to demodulate analog ΦM at its input. Here, τ = 100 ps and no link was used such that the net CD was practically zero. We define the operation bandwidths of this MZI in terms of its analog 3-dB bandwidths, namely 3-7 and 13-17 GHz. It must be stressed that these bandwidths are determined completely by τ as given by (9) . In fact, a parallel array of MZI's could cover much larger bandwidths, as shown in Fig. 6. Fig. 6 shows the simulated response of three parallel MZI's employing balanced detection with differential delays of 10, 20 and 30 ps. The normalized response shows a 3-dB bandwidth of 88 GHz (6-94 GHz) with a 3 dB ripple over the band. While this is not the optimum configuration, it is shown to make the argument that any frequency range can be covered, depending on the number of MZI's that are employed. The only exception is that the response (9) is always zero at DC, dictating that low frequency coverage is limited. Given this, the MDRx can be shown to work in principle using the 100 ps MZI as an analog ΦM demodulator.
MDRx Design and Demonstration
Section III described the shortcomings of launching analog information in simultaneous IM and ΦM formats for CD compensation. Here we describe the method of launching analog IM or ΦM and using a receiver that is sensitive to both in order to mitigate frequency response penalties caused by CD. The architecture of the MDRx is depicted in Fig. 7 . The input to the MDRx is split into two paths using a fused fiber coupler. The upper path goes through an unbalanced MZI biased at quadrature using a balanced detection scheme; the lower path consists of a single photo- Fig. 7 . The schematic for the MDRx. The upper arm of the receiver is sensitive to ΦM only; the lower arm is sensitive to IM only. diode for direct detection. Therefore, the upper path is sensitive to ΦM only and the lower path is sensitive to IM only. The outputs are added in the RF domain using a 3-dB combiner, resulting in a total receiver output that contains contributions from both modulation formats. The upper and lower path must be matched within RF tolerances from the fiber coupler to the RF combiner to avoid RF interference.
To analyze the MDRx theoretically, we consider its power response when placed at the output of an IM or ΦM link. For IM, (1) is used with z = L as the input field to the MDRx. The resulting power response is calculated as The form of (10) intuitively makes sense. The first term, resulting from the lower path, is the IMdirect detection response as given by (3) having a squared-cosine dependence. The second term has the squared-sine dependence typical of the ΦM direct detection response (5) but weighted by the MZI response (9) . Therefore, the upper path detects the IM that was rotated into ΦM by CD with the response governed by the MZI. For the frequencies at which (
, the response (10) is independent of CD. That is, the response is flat over the frequency range for which the MZI demodulates ΦM. The ΦM response for the MDRx is obtained by using (4) as the input field: where the second term is due to the lower path of the MDRx, the CD response for ΦM and direct detection. The first term is due to the upper path and quantifies the fact that the amount of ΦM at the output of the link follows squared-cosine dependence and is demodulated with the MZI response weighting. In summary, (10) and (11) describe how an analog signal, whether its initial modulation format was IM or ΦM, is rotated by CD into two quadrature components of IM and ΦM. These two components can be separately detected and recombined at the output of the link by using a receiver that is sensitive to IM and ΦM, such that all analog information is retained over the range that this detection can be implemented. This is precisely what the MDRx does in theory and, as will be shown, in practice. The links used to demonstrate the operation of the MDRx are shown in Fig. 8 . Four experiments were carried out: IM 50 and 100 km links, and ΦM 50 and 100 km links, all using SMF-28. For all experiments, a semiconductor DFB laser at 1551 nm used at the launch end and three 20 GHz p-i-n detectors (Discovery Semiconductor DSC-30S) were used to construct the MDRx. For both 50 km experiments, the detected DC current was 2 mA on all detectors. For both 100 km experiments, the DC current was 4 mA on all detectors. In each case, the EFDA gains were adjusted to compensate for link loss and the weighting of the upper and lower path of the MDRx was adjusted to ensure equal photocurrents on all detectors. The results of all four experiments are plotted in Fig. 9 . In all cases, the effects of CD are compensated by the MDRx over the frequency ranges 3-7 and 13-17 GHz. Comparing either Figs. 9a and 9b or Figs. 9c and 9d demonstrate that the MDRx response does not depend on the net value of CD. Also, the subtleties of the above discussion are demonstrated, especially in Fig. 9d . Observe that there is a peak in the ΦM direct detection response near 14 GHz for the 100 km link. That is to say that at the output of the 100 km ΦM link, CD has transformed the ΦM into IM near 14 GHz. Furthermore, the ΦM MZI response for the same link has a null at that frequency, due the fact that the MZI responds to ΦM only. Finally, for that frequency with the MDRx, the information is recovered, albeit with some loss. This type of reasoning can be applied at any frequency for all of the graphs in Fig. 9 and lends to a deeper understanding of CD in an analog link. 
SUMMARY AND CONCLUSIONS
Two solutions, based on modulation diversity, have been proposed and demonstrated for the mitigation of chromatic dispersion in analog links. The first, a modulation-diversity transmitter, does not completely compensate for the distortion caused by dispersion. It may, however, fill some niche for specific applications. The second solution, a modulation-diversity receiver, has been demonstrated in principle. It compensates for the power penalties induced by chromatic dispersion in an analog link employing either phase or amplitude modulation. The receiver works over any frequency range for which analog phase-modulation can be demodulated. We have demonstrated this receiver using a path-imbalanced Mach-Zehnder interferometer employing balanced detection but in practice, any phase-demodulation technique can be employed. However, the technique presented here is attractive because it is completely passive and requires only the electronics to bias the interferometer at quadrature. In addition, it does not depend on the value of the net chromatic dispersion, nor does it require chromatic dispersion measurement. Furthermore, the bandwidth of our technique can be increased significantly by employing a parallel array of interferometers, each with different delays. While this technique has been demonstrated for analog applications, it can be extended to digital signals whose pulse duration is shorter than the differential interferometer delay. Finally, we believe this work presents not only a solution to dispersion compensation but offers valuable insight into the effects of chromatic dispersion in analog photonic links.
